Introduction
In animals, mitochondrial fusion is activated during cellular stress and starvation, events that render the cells refractive to apoptosis and protect the mitochondrial reticulum from autophagy (Shutt and McBride, 2013) . However, the precise molecular mechanisms that drive mitochondrial fusion have not been established. Although mitochondrial fusion has been observed in diverse eukaryotes, the machinery driving fusion has been identified only in opisthokonts, the lineage comprising animals and fungi. Two dynamin domain-containing proteins are required for mitochondrial fusion in mammals: Mfn1/Mfn2 in the outer mitochondrial membrane and Opa1 in the inner mitochondrial membrane (Labbé et al., 2014) . Although the orthology of fungal Fzo1 to Mfns and fungal Mgm1 to Opa1 has been assumed based on domain organization and similarity of function, sequence-based orthology detection methods fail to retrieve these orthologue sets (Muñoz-Gómez et al., 2015; Purkanti and Thattai, 2015) . Loss of any of these genes leads to mitochondrial fragmentation, and mouse models lacking Mfn1, Mfn2, or Opa1 are embryonic lethal (Chen et al., 2003; Davies et al., 2007; Pareyson et al., 2015) . Cell-free fusion assays developed in both Saccharomyces cerevisiae and mammalian systems have identified core principles of mitochondrial fusion, namely that the process depends on GTP hydrolysis, that these GTPases are each essential for fusion, and that cytosolic factors can promote fusion (Meeusen et al., 2004 (Meeusen et al., , 2006 Schauss et al., 2010; Hoppins et al., 2011; Shutt et al., 2012; Mishra et al., 2014) . In the mammalian system, mitochondrial fusion is activated upon cellular stress, where oxidized glutathione disulfide (GSSG) promotes the assembly of higher-order Mfn complexes mediated by reversible disulfide bonds (Shutt et al., 2012) . The cysteine residues responsible for these dynamic oligomers were located within the C-terminal domain, assumed to be a cytosol-exposed region. Oligomerization occurred in cis, before mitochondrial docking, suggesting that the generation of disulfide-induced Mfn2 oligomers may act to "prime" them to bind in trans and drive mitochondrial fusion (Ryan and Stojanovski, 2012; Shutt et al., 2012) . A confounding element of this previous work is that the cytosol is generally considered a reducing environment, making it difficult to envision how GSSG-induced redox switching may occur within a cytosolic domain. In this study, we revisit the topology of Mfn1 and Mfn2 by validating bioinformatic predictions with biochemical and functional experiments. The data lead to a revised model of holozoan mitofusins as N out -C in proteins, consisting of a single membrane-spanning domain (transmembrane domain [TMD] ) with the 110 residue containing heptad repeat 2 (HR2) and metazoan-specific disulfide-modifiable cysteine residues residing within the intermembrane space (IMS).
Mitochondrial fusion occurs in many eukaryotes, including animals, plants, and fungi. It is essential for cellular homeostasis, and yet the underlying mechanisms remain elusive. Comparative analyses and phylogenetic reconstructions revealed that fungal Fzo1 and animal Mitofusin proteins are highly diverged from one another and lack strong sequence similarity. Bioinformatic analysis showed that fungal Fzo1 proteins exhibit two predicted transmembrane domains, whereas metazoan Mitofusins contain only a single transmembrane domain. This prediction contradicts the current models, suggesting that both animal and fungal proteins share one topology. This newly predicted topology of Mfn1 and Mfn2 was demonstrated biochemically, confirming that the C-terminal, redox-sensitive cysteine residues reside within the intermembrane space (IMS). Functional experiments established that redox-mediated disulfide modifications within the IMS domain are key modulators of reversible Mfn oligomerization that drives fusion. Together, these results lead to a revised understanding of Mfns as single-spanning outer membrane proteins with an N out -C in orientation, providing functional insight into the IMS contribution to redox-regulated fusion events.
A new mitofusin topology places the redox-regulated C terminus in the mitochondrial intermembrane space
Results and discussion

Holozoan Mfns and fungal Fzo1 are divergent dynamin domain-containing proteins with distinct domain architecture
To better map the conserved functional domains within Mfns and Fzo1, we collected homologous protein sequences from diverse animal and fungal genomes (Table S1) . Surprisingly, initial searches using Basic Local Alignment Search Tool (BLA ST) suggested that certain bacterial dynamin-like proteins (BDLPs) might be more closely related to Mfn or Fzo than Mfn and Fzo are to each other or to other eukaryotic dynamin-like proteins. Phylogenetic reconstruction of the GTPase domains from Fzos, Mfns, and BDLPs provided no strong support for the relationship of Mfn or Fzo to particular bacterial sequences or to one another ( Fig. 1 A and Fig. S1, A and B) . These data suggest either that (a) Mfns are as related to Fzos as either are to BDLPs (e.g., Mfn and Fzo arose from separate horizontal gene transfers), or (b) more likely, in the time since the divergence of animals and fungi, the sequences of Mfn and Fzo have diverged from a common ancestral protein so much that the evolutionary history of these proteins cannot be adequately assessed by current phylogenetic methods.
Examining predicted functional domains revealed that Mfn and fungal Fzo have similar predicted N-terminal dynamin GTPase domains and at least two predicted coiled-coil regions, so-called HR1, located near the middle of the protein, and HR2 at the very C terminus ( Fig. 1 B) . However, the C-terminal regions of Mfns and Fzos have no detectable sequence similarity and cannot be reliably aligned. Bioinformatic predictions showed that Mfn proteins carry only a single predicted C-terminal TMD, whereas fungal Fzo1 proteins have two predicted C-terminal TMDs (Fig. 1 B) .
Because the C-terminal domain of Mfns is redox regulated, we performed a manual inspection of conserved cysteine residues within this region. There was a striking correlation between the emergence of multicellular animals (metazoans) with the appearance of a single TMD and the conserved cysteines ( Fig. 1 C, yellow residues). All metazoans analyzed contain one or more Mfn paralogues that contain at least one of the two conserved cysteine residues, whereas the unicellular holozoan relatives of animals (e.g., choanoflagellates and filasterians) lack cysteines at the conserved sites ( Fig. 1 C) . This result suggests that stress-induced mitochondrial fusion may be a specific adaptation to multicellular life. However, some unicellular holozoans do contain cysteines at nonhomologous sites in the C-terminal region, indicating some degree of sequence convergence ( Fig. 1 C, red residues). Manual inspection of the C-terminal region of fungi did not reveal any conserved cysteine residues.
Homo sapiens Mfn1 and Mfn2 C terminus is exposed to the mitochondrial IMS
To directly interrogate the topology of endogenous Mfn2, we performed protease protection experiments on mitochondria isolated from HEK293 cells, using specific antibodies to detect endogenous Mfn2. We mapped and confirmed the precise epitopes of two available antibodies (Cell Signaling Technology and Abnova) using recombinant proteins (Fig. S2, A and B) . The Cell Signaling Technology antibody recognized an epitope immediately upstream of the conserved TMD corresponding to residues V 573 to S 585 , and the Abnova antibody was specific to residues C-terminal to the TMD domain, residues 661-757 ( Fig. 2 A and Fig. S2 A) . Increasing amounts of trypsin from 10 to 500 µg/ml revealed a highly protected, ∼20-kD C-terminal fragment of Mfn2 that was seen with both antibodies, which was degraded upon addition of detergent ( Fig. 2 B and Fig. S2 , B, C, and F). Because the Cell Signaling Technology epitope is predicted to reside on the cytosolic face of the mitochondrial outer membrane, we next used proteinase K to completely degrade all exposed amino acids, which then led to a loss of this epitope and appearance of a shorter, ∼15-kD protected fragment recognized only by the Abnova antibody ( Fig. 2 C) . This epitope was proteinase K accessible after treatment with either detergent or hypotonic shock (Fig. 2 C) . In further agreement with the bioinformatic analysis, an antibody specific to the very C terminus of Mfn1 (residues 665-741; Santel et al., 2003) also revealed a ∼15-kD proteinase K protected fragment, accessible only in the presence of detergent or hypotonic shock (Fig. 2 D) . (Altschul et al., 1997) and HMMer (Eddy, 2011) searches were aligned and subjected to phylogenetic reconstruction using MrBayes v3.2 (Ronquist and Huelsenbeck, 2003) and RaxML v8.2 (Stamatakis, 2006;  Fig. S1 A) . Long-branching bacterial sequences were removed from the dataset to decrease the effects of long-branch attraction ( Fig. S1 B) . Degenerate paralogues of Fzo1 in fungi lacking normal mitochondria were removed to generate the phylogenetic reconstruction depicted. Support values are as inset. The topology shown is from the MrBayes analysis. (B) Domain organization of S. cerevisiae Fzo1 and H. sapiens Mfn1 and Mfn2. TMDs and coiled-coil domains were predicted using TMH MM2.0 (Krogh et al., 2001) and COI LS (Lupas, 1996) , respectively. (C) Alignment of Mfn proteins highlighting conserved cysteine residues putatively involved in oligomerization. Mfn proteins were aligned using MUS CLE (Edgar, 2004) and manually inspected to identify conserved cysteine residues.
To complement the protease protection experiments, we tested whether cysteine residues within the newly predicted IMS domain of Mfn2 were accessible to modification upon addition of 10 kD methoxypolyethyleneglycol maleimide (mPEG-mal; Fig. 2 E) , a molecule that cannot pass the voltage-dependent anion-selective channel (VDAC) pores within the outer mitochondrial membrane (Colombini, 1980) . Using the Cell Signaling Technology antibody against Mfn2, we observed the expected shift in molecular weight of full-length protein upon addition of mPEG-mal to isolated mitochondria (Fig. 2, F Scheme showing predicted Mfn2 domains including the GTPase, HR1, HR2, and the predicted TMD (Liesa et al., 2009) . Trypsin cut sites (predicted by PeptideCutter) are shown by vertical lines above Mfn2 scheme, specifically within the C-terminal region. The antigenic regions recognized by the two antibodies are indicated. Predicted molecular weights of protected fragments after the two protease treatments are shown, along with the antibody epitopes. Only a single predicted trypsin site resides between the Cell Signaling Technology epitope and the TMD. (B) Trypsin protease protection experiment. Isolated mitochondria from HEK293 cells were incubated with specified trypsin concentrations for 20 min on ice. As a control, 1% Triton X-100 was added with trypsin (last lane). Trypsin was inhibited with SBTI, and samples were processed for SDS-PAGE and immunoblotted with anti-Mfn2 (Cell Signaling Technology), anti-OPA1 (IMS), and anti-TOM20 (outer membrane). (C and D) Proteinase K protection experiment examining Mfn2 (C) and Mfn1 (D) topologies. Isolated mitochondria from HEK293 cells were incubated with increasing amounts of proteinase K (PK) on ice. As controls, mitochondria were treated with PK under hypotonic shock, which disrupts outer membrane while keeping inner membrane intact, or in the presence of 1% Triton X-100. PK was inhibited by PMSF, before samples were processed for Western blotting and immunoblotted with the specified antibodies. (E) Model illustrating the treatments used in the mPEG-maleimide experiments. After trypsin treatment, PEG-mal (indicated in the legend) can conjugate only to free cysteine residues exposed on the cytosolic face of the mitochondrial outer membrane (shown as -SH). Upon detergent solubilization, all cysteine residues become exposed. (F) PEGylation assay. Isolated mitochondria from HEK293 cells were treated with 10 kD mPEG-mal, which reacts with cysteine residues and shifts full-length Mfn2 into higher-molecular-weight conjugates (lane 2; also see G). Digestion with 500 µg/ ml trypsin is shown in lane 3, revealing the protected fragment. Mitochondria treated with mPEG-mal followed by trypsin digestion did not show any shift in the protected fragment (lane 4). However, the trypsin-protected fragment was lost when mPEG-mal was added in the presence of Triton X-100 to solubilize the membranes (lane 5). Treating trypsin-digested mitochondria with N-ethylmaleimide (NEM; lane 6), which reacts with cysteines before the treatment with mPEG-mal, rescued the loss of the fragment caused by mPEG-mal treatment in lane 5. The addition of trypsin in the presence of detergent led to digestion of the fragment, confirming that the fragment is protease sensitive in solubilized lysates (lane 7). there was no change in the short fragment of Mfn2, indicating that the C-terminal cysteine residues remain inaccessible to the probe (Fig. 2 F, lane 3 vs. 4; and Fig. S2, C and F) . However, addition of mPEG-mal in the presence of detergent (Triton X-100) after the quenching of trypsin activity led to the appearance of shifted bands of ∼35 and ∼100 kD that showed greatly reduced antigenicity (Fig. 2 F, lane 4 vs. 5; and Fig. S2, C and F) . This 10-kD mPEG-mal conjugation of the 20-kD Mfn2 fragment was prevented by pretreatment with membrame-permeable N-ethyl maleimide (Fig. 2 F, lane 6) . This trend was also seen with fulllength Mfn2, where addition of mPEG-mal and detergent led to a near complete loss of immunogenicity of the antibody (Figs. 2 G and S2 D). We further validated these results using the purified C-terminal fragment of Mfn2. Upon incubation of the recombinant protein with PEG-mal, the immunogenicity was lost using the Abnova antibody that recognizes the entire C-terminal region (Fig. S2 E) . Given that the mPEG conjugates within the C-terminal cysteines are 10 kD, it is perhaps not surprising that this would interfere with recognition by both antibodies. Collectively, the data reveal a resistance of this epitope against protease (both trypsin and proteinase K) treatment, and protection against mPEG-mal conjugation, demonstrating that the C-terminal fragment of Mfn2 resides in the IMS.
This new topology positions Mfns as members of a small class of single membrane-spanning N out -C in proteins with >10 residues extending within the IMS, including Tom22 and Mim1/Mim2 (Yano et al., 2000; Nakamura et al., 2004; Waizenegger et al., 2005; Papić et al., 2013) . Epitope tags fused to the C termini of most tail-anchored proteins are known to block protein import and assembly into the outer membrane, yet C-tagged Mfn2 constructs have been used previously (Chen et al., 2003) . An examination of the topology and membrane integration of C-tagged Mfn2 revealed complete protease accessibility to the C terminus, indicating that the tag interfered with the correct insertion into the bilayer (Fig. S3, A and B ). However, this construct showed a partial rescue of mitochondrial morphology in the Mfn2 knockout (KO) MEF cells ( Fig.  S3 C) . This suggests that the IMS localization of the C-terminal domain is not essential to drive fusion, consistent with a role as a redox sensing switch.
GSSG induces mitochondrial fusion via C-terminal cysteines in Mfn2
We previously showed that the C-terminal domain contains conserved cysteine residues at C 684 and C 700 (Fig. 1 C) that are critical for the GSSG-induced formation of disulfide-linked oligomers (Shutt et al., 2012) and the respiratory response to oxidative stress (Thaher et al., 2017) . Using a split-luciferasebased cell-free mitochondrial fusion assay, we therefore tested the redox potential that drives mitochondrial fusion to find out whether it is consistent with the redox environment within the IMS (Schauss et al., 2010; Shutt et al., 2012; Riemer et al., 2015) . A titration of glutathione (GSH):GSSG within the fusion reaction showed that increasing the levels of GSSG activates the basal mitochondrial fusion reaction ∼2.5-fold, plateauing between −206 and −197 mV, consistent with the environment within the IMS (Fig. 3 A; Calabrese et al., 2017) . This shows that fusion is activated under oxidizing GSH potential. Analysis of Mfn2 within these reactions on denaturing, nonreducing gels further reveals the gradual appearance of high-molecular-weight conjugates of Mfn2 with increasing GSSG, again peaking when the levels of fusion plateau (Fig. 3 B) .
Cellular stress promotes hyperfusion (Tondera et al., 2009; Shutt et al., 2012) , consistent with GSSG as a molecular intermediate driving Mfn2 activation. Rather than directly adding GSSG into the reaction, we tested whether reactive oxygen species (ROS)-mediated stressors may activate fusion through the generation of GSSG from GSH within the IMS. Mitochondria within the fusion assay are actively respiring through the addition of the TCA substrate succinate, allowing ATP generation. In these conditions, the addition of complex III inhibitors blocks mitochondrial fusion (Fig. 3 C) , as previously reported (Mishra et al., 2014) . However, addition of an exogenous source of ATP regeneration system was able to rescue the inhibition driven by complex III inhibitors (Fig. 3 C) . This demonstrates that the inhibitory effects are caused by a direct requirement for ATP in mitochondrial fusion. Interestingly, when ATP is not limiting, we observe a strictly GSH-dependent stimulation of mitochondrial fusion when complex III is blocked by myxothiazol, but not antimycin A (Fig. 3 , C vs. D, 30% increase ± 8.4%, P < 0.04). These two drugs block complex III at different sites-antimycin A generates the majority of ROS within the matrix and myxothiazol generates ROS primarily within the IMS (Bleier and Dröse, 2013 )-indicating that IMS ROS more efficiently promotes fusion. The dependence on GSH in the reaction indicates that ROS generated at complex III must be converted to GSSG to promote fusion.
We next tested whether external ROS generated within the cytosol would have a similar effect. To this end, we added an established ROS generating system (xanthine oxidase/xanthine) into the fusion reaction ( Fig. 3 E; Vergun et al., 2001) . With increasing concentrations of xanthine oxidase, we observed a saturable, approximately twofold stimulation of mitochondrial fusion, again dependent on the addition of GSH. We also followed the corresponding shifts of Mfn2 into disulfide-mediated oligomers for each of these conditions, resolving the complexes again on denaturing, nonreducing gels (Fig. 3 F) . As previously observed, direct addition of 1 mM GSSG to the reaction led to the formation of Mfn2 oligomers and promoted fusion ( Fig. 3, A [fusion] and F [far right lane]). Interestingly, increasing concentrations of xanthine oxidase led to a dose-dependent appearance of higher-order Mfn2 complexes only in the absence of GSH. Addition of GSH resulted in the reduction of these stable, disulfide-linked complexes, which coincided with the stimulation of mitochondrial fusion. This suggested a role for GSH to recycle the GSSG-induced oligomers, i.e., reducing the disulfide bonds between them, to promote multiple rounds of fusion . To test this idea, we first incubated isolated mitochondria with GSSG to form stable Mfn2 disulfide-linked oligomers, and chased the reaction with GSH over 40 min (Fig. 4 A) . The data show a GSH-induced loss of the disulfide-linked Mfn2 oligomers, demonstrating the gradual, reversible nature of these molecular transitions over time. Together, the data indicate that activating the Mfn2 redox cycle further activates fusion.
To understand the mechanisms and regulation of the Mitofusins, it was essential to establish the topology across the bilayer. Contrary to the accepted model with two membrane-spanning domains, Mfns instead carry a single membrane-spanning topology with conserved redox-regulated cysteine resides and the HR2 domain exposed to the IMS (Fig. 4 B) . The single membrane-spanning topology can be traced to the common ancestor of animals and their closest unicellular relatives; however, the conserved cysteine residues are not found in these unicellular relatives or fungi, suggesting that redox-regulated mitochondrial fusion evolved as an adaptation to multicellularity in animals.
This new topology is somewhat surprising because it has been widely assumed that Mfn topology is equivalent to the yeast Fzo1 (Santel and Fuller, 2001; Rojo et al., 2002) . In addition, structural information has been obtained with this assumption; namely, where HR1 and HR2 form intra-and intermolecular coiled-coil interactions (Koshiba et al., 2004; Huang et al., 2011; Franco et al., 2016; Qi et al., 2016; Cao et al., 2017) . Two crystal structures were solved for an engineered fragment of Mfn1 from which ∼300 residues spanning the TMD were deleted, splicing the terminal ∼45 residues of the HR2 domain into the HR1 domain (Qi et al., 2016; Cao et al., 2017) . However, data presented here demonstrate that HR1 and HR2 are instead located on either side of the outer membrane, where these direct interactions could not take place. This is in contrast to fungal Fzo1, where the presence of two clear TMDs ensures that HR2 is exposed to the cytosol, with a ∼10-aa loop within the IMS. As we showed previously (Shutt et al., 2012) , and expand on here, HR2 within Mfn2 is highly redox regulated, consistent with the unique use of disulfide-switching mechanisms to regulate function within the IMS . Modeling the C-terminal 110 residues reveals a highly unstructured region of ∼50 residues, linked to the coiled-coil HR2 region (Fig. 4 B) . The two conserved cysteine residues lie at the junction between these two topological regions, suggesting that the generation of disulfide linkages would lead to significant conformational changes. We envision a model whereby Mfn may be operating within a dynamic cycle of oxidized and reduced disulfide complexes to promote fusion under physiological conditions. Consistent with this, the addition of GSH to preformed GSSG-induced oligomers of Mfn2 ( Fig. 4 A) demonstrates that the oligomers are readily reversible in the presence of GSH. This disulfide "priming" event could allow the recycling of Mfn complexes to ensure further rounds of fusion. The action of glutaredoxin and GSH reductases on this process remain to be determined (Fischer et al., 2013; Kojer et al., 2015; Riemer et al., 2015; Kanaan et al., 2017) , as does the precise composition of the disulfide-induced oligomers (Fig. 4 B) . Altogether, the characterization of Mfn topology within the outer membrane provides a new conceptual understanding of the mechanisms that activate mitochondrial fusion. Future work will seek to better understand the nature of the disulfide-linked Mfn2 complex and how it is recycled to drive mitochondrial fusion. Figure 3 . Mfn2 is a sensor of mitochondria oxidative stress through GSSG, which activates mitochondrial fusion. (A) Mitochondria containing each half of the matrix-targeted split-luciferase probes were incubated within the cell-free fusion assay system with different ratios of GSH :GSSG, corresponding to increasing GSH redox potential. Mitochondrial fusion under these conditions was quantified by measuring luciferase activity. Luciferase counts were normalized to standard condition. Fusion is activated as the potential becomes oxidizing. Reported values are the mean of three biological replicates, each performed in duplicate. Error bars are means ± SEM. (B) Fusion samples from A were analyzed under denaturing, nonreducing SDS-PAGE followed by immunoblotting against Mfn2 (Abnova). This gel system denatures proteins yet preserves disulfide bonds. A gradual appearance of Mfn2 disulfide oligomers was observed corresponding to fusion activation. (C and D) Mitochondrial fusion assays were performed with succinate to drive respiration. This reaction for 30 min at 37°C was set as the basal 100%, against which the other reactions were normalized. Reactions performed with succinate at 4°C are shown (Ice). Alternatively, an exogenous ATP regeneration system, creatine kinase and its substrate creatine phosphate, was added in place of succinate, which was sufficient for fusion (NT [gray bars], succinate vs. creatine kinase/phosphate). Mitochondria under each condition were treated with complex III inhibitors (1 µM antimycin A or 0.4 µM myxothiazol) to produce ROS in the presence (C) or absence (D) of 4 mM GSH to drive the formation of GSSG. When respiration and ATP production were driven by succinate, fusion was inhibited under these conditions. The addition of exogenous ATP regeneration system rescued the inhibition of fusion inhibition caused by blocking complex III by antimycin A (Ant A) and myxothiazol (Myx). In the presence of exogenous ATP, fusion was activated upon complex III inhibition, as long as GSH was present (C). Reported values are the mean of three biological replicates, each performed in duplicate. Error bars are means ± SEM. (E) Extramitochondrial ROS activates fusion in a GSH-dependent manner. Mitochondria were incubated in the presence of increasing amounts of xanthine oxidase/xanthine, which produces ROS enzymatically. In the absence of GSH, mitochondrial fusion was not activated significantly by ROS (light gray). In the presence of 4 mM GSH, fusion was activated gradually, corresponding to increasing specific activity of xanthine oxidase (black). Reported values are the mean of three biological replicates, each performed in duplicate. Error bars are means ± SEM. (F) Fusion samples from E were processed for denaturing, nonreducing SDS-PAGE, followed by immunoblotting with anti-Mfn2 antibody (Abnova). One additional sample was included of mitochondria incubated with 1 mM GSSG as a positive control for the formation of Mfn2 disulfide oligomers. Statistical significance was analyzed using unpaired Student's t test. *, P < 0.05; **, P < 0.01; n.s., not significant.
Materials and methods
Homology searching, phylogenetic reconstruction, and other bioinformatic methods
Characterized human Mitofusin and yeast Fzo1 sequences were used as BLA ST queries to identify closely related animal and fungal sequences. Surprisingly, the top nonholozoan hits for Mfns and nonfungal hits for Fzo were BDLPs. This prompted us to entertain the hypothesis that Mfns and Fzos may have arisen independently from horizontal gene transfers of different BDLPs. To test this hypothesis, hidden Markov models (HMMs) based on Mfn and Fzo sequences obtained from diverse animal and fungal genomes were used to search for Mfn-and Fzo-related sequences using HMMer v.3.0 (Eddy, 2011) in diverse prokaryote, holozoan, and fungal genomes. Sequences retrieved with an E-value score <1 × 10 −10 for either HMM were retained for phylogenetic analysis. Sequences were aligned by MUS CLE (Edgar, 2004) and manually adjusted and trimmed. Phylogenetic reconstructions were performed using MrBayes v.3.2 (posterior probability; Ronquist and Huelsenbeck, 2003) and RaxML v.8.2 (maximum likelihood; Stamatakis, 2006) . Mfn and Fzo proteins were subjected to bioinformatic analysis using TMH MM2.0 (Krogh et al., 2001) and COI LS (Lupas, 1996) to predict TMDs and coiled-coil domains, respectively. In the case of TMH MM2.0, each protein was analyzed individually. Only one animal sequence (Caenorhabditis elegans) was strongly predicted to have two TMDs. Because TMH MM2.0 is trained on more canonical membrane proteins than mitochondrial outer membrane proteins, it likely incorrectly predicted some of the more divergent sequences (e.g., H. sapiens Mfn1; see Fig. 1 B) . Manual inspection of aligned sequences suggests that all fungal Fzo1 proteins have two TMDs, whereas all animal Mfn proteins have a single TMD (including the aberrantly predicted C. elegans Mfn protein). TMD prediction results for representative proteins are depicted ( Fig. 1 B, gray lines) . In the case of COI LS, alignments consisting of all Fzo1 proteins and all Mfn proteins were subjected to analysis. Results from the 28-residue window with a score >0.7 were depicted against the respective sequences ( Fig. 1 B, orange lines) .
Materials
The following antibodies were obtained: rabbit anti-Mfn2 (#11925; Cell Signaling Technology; for both Western blot and immunofluorescence [IF]); mouse anti-Mfn2 (H00009927-M01 and H00009927-M03; Abnova); rabbit anti-Mfn1 (R. Youle, National Institutes of Health, Bethesda, MD); mouse anti-OPA1 (612607; BD Transduction Laboratories); rabbit anti-TOM20 (sc-11415; Santa Cruz Biotechnology; for both Western blot and IF); Porin (AB14734; Abcam); succinate dehydrogenase complex flavoprotein subunit A (SDHA; AB14715; Abcam); Myc (SC-40 clone 9E10; Santa Cruz Biotechnology; for both Western blot and IF); Cytc (556432; BD; for IF). Triton X-100 (X100), trypsin (T4549), soybean trypsin inhibitor (SBTI; T9003), reduced GSH (G6529), oxidized GSH (G4376), proteinase K (P8044; P2308), and creatine kinase (C3755; C7886) were obtained from Sigma-Aldrich. 10-kD mPEG-mal was obtained from JenKem Technology (M-MAL-10K). PMSF was obtained from Calbiochem (S2332). For IF, goat anti-mouse and goat anti-rabbit IgG Alexa Fluor were used as secondary antibodies (Molecular Probes). For transient transfection, cells were transfected using Lipofectamine 2000 (Invitrogen) according to the manufacturer's recommendations. Previously described cDNA encoding Mfn2-16xMyc1xHis was obtained from Addgene (plasmid 23213; deposited by D. Chan).
Cloning, expression, and purification of Mfn2 565-757 and Mfn2 648-757
Mfn2 fragments were amplified by PCR from a plasmid containing full-length Mfn2 gene. The following primers containing desired restriction sites were used: 648, BamHI, 5′-AAA GGA TCC GAG CGT CTG ACC TGG ACC AC-3′; 565, BamHI, 5′-AAA GGA TCC GCC TTG ATG GGC TAC AAT GAC-3′; and 648 and 565, EcoRI, 5′-AAA GAA TTC TCT GCT GGG CTG CAG GTAC-3′.
Purified PCR products and pGEX 4T1 empty vector were digested with BamHI-HF and EcoRI-HF (NEB). After gel extraction, the digested construct and vector were ligated and transformed into BL21 competent cells and plated on ampicillin lysogeny broth (LB) agar plates. Bacterial colonies were tested for insert. Bacterial preculture containing either Figure 4 . Reduced GSH recycles back Mfn2 disulfide-conjugated complexes to monomeric form. (A) Isolated mitochondria were incubated at 37°C in the absence or presence of GSSG, followed by the addition of GSH and incubation for the specified time. The samples were processed for SDS-PAGE under denaturing, nonreducing conditions and immunoblotting with Mfn2 and PRDX3 as control. (B) Model of mitochondrial fusion. ROS, produced from within or outside the mitochondria, activate fusion in the presence of GSH through GSSG formation. In the presence of GSSG, fusion protein Mfn2 forms disulfide-conjugated oligomers. The identity of the proteins to which Mfn2 is conjugated remains to be shown. However, Mfn2 is conjugated either to itself, forming homo-oligomers, or to another protein in the IMS. Nonetheless, the disulfide conjugation may lead to conformational changes that promote tethering or changes in GTPase activity. Notably, Mfn2 is recycled back from the GSSG-induced highmolecular-weight complexes by GSH, making the process dynamic. This recycling may prime mitochondria to go through another fusion event. The structure of the C-terminal tail of Mfn2 was predicted using Protein Structure Prediction Server [(PS) 2 ] v.3.0 (Huang et al., 2015) , and the two C-terminal cysteines are presented in a space-fill scheme using Jmol (http ://jmol .sourceforge .net /). or were grown in LB (100 µg/ml ampicillin) at 37°C. When OD 600 was ∼0.5, IPTG was added to induce expression for 2-3 h. Cells were harvested by centrifugation and broken by sonication on ice. Triton X-100 was added to 1%, and lysate was precleared by centrifugation. Supernatant was added to GSH Sepharose 4B slurry to purify GST-tagged Mfn2 fragments and incubated at RT for 10 min. After the beads were washed three times with 1% Triton X-100/PBS, batch thrombin cleavage was done overnight. The supernatant containing the cleaved product was saved and flash-frozen at −80°C.
Mitochondrial isolation
Mitochondria were isolated from suspension HeLa cells (sHeLa) stably expressing either N-MitoVZL or C-MitoLZV as described previously (Schauss et al., 2010) . In brief, sHeLa were grown in 2-liter flasks in suspension MEM and harvested by centrifugation for 20 min at 4°C at 3000 g. Cells were broken using a Dounce homogenizer. Nuclei were centrifuged at 600 g for 10 min at 4°C and the postnuclear supernatant was centrifuged for 15 min at 8000 g at 4°C. The pellet was washed in isolation buffer (220 mM mannitol, 68 mM sucrose, 80 mM KCl, 0.5 mM EGTA, 2 mM MgAc 2 , and 10 mM Hepes, pH 7.4), then resuspended in isolation buffer containing 10% glycerol and snap-frozen in liquid nitrogen for storage at −80°C.
Mitochondrial fusion assay
The in vitro fusion assay was performed in a 96-well plate, which was modified from Schauss et al. (2010) . In brief, 20 µg of each mitochondrial population was added per reaction (25 µl) containing 15 mM Hepes, pH 7.4, 110 mM mannitol, 68 mM sucrose, 80 mM KCl, 0.5 mM EGTA, 2 mM Mg(CH 3 COO) 2 , 0.5 mM GTP, 2 mM K 2 HPO 4 , 1 mM ATP(K + ), and 0.08 mM ADP. The ATP regeneration system was driven by the addition of 5 mM Na succinate, or in the presence of creatine kinase/phosphate, as indicated. Reactions were assembled on ice in a 96-well plate. A previously described initial centrifugation step to concentrate mitochondria was removed (Meeusen et al., 2004; Schauss et al., 2010; Hoppins et al., 2011) . After assembling the reactions, samples were incubated for 30 min at 37°C, followed by immediate solubilization and addition of substrate to quantify luciferase activity (reflecting assembly of the complementary split-luciferase polypeptides) using the Renilla luciferase assay kit (Promega).
Trypsin and proteinase K digestion protection experiment
Mitochondria (1 mg/ml) were isolated from HEK293 cells and incubated with specified trypsin concentrations for 20 min on ice. SBTI (5 mg/ml) was added and incubated for another 20 min on ice. Laemmli sample buffer was added, and samples were boiled for 5 min and processed for standard Western blotting analysis. For proteinase K experiments, 1 mg/ml freshly isolated mitochondria were incubated with specified concentrations of proteinase K for 30 min on ice, followed by addition of 4 mM PMSF and incubation for 20 min. For hypotonic shock control, the mitochondrial pellet was resuspended in 20 mM Hepes, pH 7.4, to cause inner membrane swelling, which was treated with proteinase K. Samples were separated on 12% SDS-PAGE gels (unless otherwise indicated in the figure legends) and processed for Western blotting as for the trypsin experiment.
Triton X-100, alkaline carbonate, and urea extractions 25 µg mitochondria isolated from nontransfected or Mfn2-16xMyctransfected HEK293 cells were centrifuged at 8,000 g for 10 min. The mitochondrial pellet was resuspended in 100 µl of 1% Triton X-100 (prepared in isolation buffer), 100 µl 100 mM alkaline carbonate, pH 12, or 100 µl urea extraction buffer (4.5 M urea, 150 mM KCl, 1 mM DTT, and 20 mM Hepes, pH 7.4). Samples were incubated on ice for 30 min. Alkaline carbonate samples were vortexed briefly a few times, then centrifuged at 200,000 g and 4°C for 15 min. Supernatants were transferred to new microfuge tubes, and pellets were resuspended in appropriate buffers. Sample buffer was added, and samples were processed for Western blotting.
mPEG-mal experiment
We used 10-kD mPEG-mal to avoid leakage through VDAC (Colombini, 1980) and ensure that only protein regions facing the cytosol could be conjugated. Samples were kept on ice throughout the experiment. 25 µg mitochondria (1 mg/ml) isolated from HEK293 cells was incubated with 1 mM 10-kD mPEG maleimide for 1 h (or isolation buffer for controls). Excess mPEG-mal was neutralized by adding 25 mM DTT. Samples were then centrifuged for 10 min at 8,000 g and 4°C. Pellets were resuspended in isolation buffer and trypsin (0.5 mg/ml) where indicated, followed by inhibition of trypsin with 2 mM PMSF and 1 mM SBTI, for 20 min on ice.
For solubilization of mitochondria, Triton X-100 was added to a final concentration of 1%. Additional treatments performed on trypsinized mitochondria were done after complete inactivation of the trypsin with 1 mg/ml SBTI. Samples were boiled for 3 min after addition of sample buffer and processed for Western blotting.
GSH redox potential determination that activates fusion GSH :GSSG ratios were used to calculate the GSH redox potential at pH 7.4 that promotes fusion using a modified Nernst equation as shown by (Dalton et al., 2004) :
GSH was added to a concentration of 4 mM, and increasing concentrations of GSSG were added to create various GSH :GSSG ratios. The concentrations of GSH and GSSG with the calculated ΔE are reported in Table 1 .
Western blotting under denaturing, nonreducing conditions
To visualize disulfide-linked Mfn2 oligomers, sample buffer containing 50 mM iodoacetamide (with no reducing agents) was added to samples after 30-min fusion assay. Iodoacetamide will react with free cysteine residues, blocking against nonspecific reactions during sample preparation (Wrobel et al., 2016) . Samples were boiled for 3 min and processed for Western blotting analysis.
Acrylamide gel purification of Mfn2(565-757)
To remove contaminating GST and GST-Mfn2(565-757) and isolate only the pure, cleaved fragment of Mfn2(565-757), we separated the recombinant preparation on a 4-16% SDS-PAGE with denaturing/ reducing conditions, and the region between molecular markers 25 and 15 was excised and chopped into small pieces. These pieces were washed three times, 5 min each at RT, with PBS and then with water. The gel was further minced with a razor and placed in an Eppendorf tube. 300 µl PBS with 0.1% SDS was added. It was sonicated on ice three times for 30 s each with rests in between. The gel was then centrifuged and the supernatant was collected. This contained the purified fragment.
Immunofluorescence microscopy and morphology quantification MFN2-KO cells were reverse transfected with empty plasmid, untagged Mfn2, or Mfn2-16xMyc, then seeded into 24-well plates on glass coverslips. 750 ng plasmid DNA (750 ng empty plasmid, 50 ng Mfn2 supplemented with 700 ng empty plasmid, or 50 ng Mfn2-16xMyc supplemented with 700 ng empty plasmid) was diluted in 50 µl OptiMEM. 2 µl Lipofectamine 2000 was diluted in 50 µl Op-tiMEM, separately, for each condition. After 5-min incubation, the diluted DNA was mixed with the Lipofectamine and incubated for 15-20 min at RT. During incubation, Mfn2-KO MEFs were trypsinized, and 30,000 cells were added to each well. The DNA-Lipofectamine complexes were added to the cells in the wells. After 17 h, cells were fixed and processed for IF. For IF, cells were fixed in 5% PFA in PBS, at 37°C for 15 min, then washed three times with PBS, followed by quenching with 50 mM ammonium chloride in PBS. After three washes in PBS, cells were permeabilized in 0.1% Triton X-100 in PBS, followed by three washes in PBS. The cells were blocked with 10% FBS in PBS, followed by incubation with primary antibodies (Tom20, Mfn2 + Cytc, and Myc + Tom20 for empty plasmid, Mfn2, and Mfn2-16xMyc samples, respectively) in 5% FBS in PBS for 1 h at RT. After three washes with 5% FBS in PBS, cells were incubated with appropriate secondary antibodies (1:1,000) for 30 min at RT. After three washes in PBS, coverslips were mounted onto slides using fluorescence mounting medium (Dako). Cells were imaged using a 100× objective NA1.4 on an IX83 inverted microscope (Olympus) with appropriate lasers using a spinning disc system microscope (Yokogawa) coupled to a Neo camera (Andor). Images were taken at random of cells expressing Mfn2 or Mfn2-16xMyc. Mitochondrial morphology of cells was categorized into three categories: tubular, intermediate, and fragmented. Cells that presented a hypertubular and branched mitochondrial network were named "tubular." Cells that showed very short mitochondria were named "fragmented." Some cells had some mitochondria that were neither long and tubular, nor very short, whereas other cells contained a combination of very short and some long mitochondria; such cells were placed in the "intermediate" category.
Statistical analysis
Errors bars displayed on graphs represent the means ± SD (or SEM when specified) of at least three independent biological replicates. Statistical significance was analyzed using unpaired Student's t test.
Data availability
All data supporting the findings of this study are available in the article and the supplemental information files.
Online supplemental material
Fig. S1 shows the preliminary phylogenetic reconstructions of Mfns, Fzo1, and BDLPs. Fig. S2 shows an extended analysis of Mfn2 topology and epitope mapping. Fig. S3 shows the biochemical and functional characterization of C-terminally tagged Mfn2-16xMyc. Table S1 shows protein accessions retrieved in this study.
